ABSTRACT: Black limestone clasts are present across the globe at modern and ancient subaerial exposure surfaces, and in intertidal and supratidal environments. These problematic clasts are particularly abundant at multiple subaerial exposure surfaces across southern Australia. The genesis of such exceptionally preserved clasts can be interpreted through universal fabrics across wide geographic regions and geologic ages. Regardless of location or age, all south Australian blackened clasts studied have a similar microstructure that is dominated by porous micritic laminae and chambered tubules. Such laminae are interpreted to represent calcified root cells and occur in two different varieties: 1) micrite-walled tubules with hollow centers that are thought to represent calcification in the rhizosphere or outer surfaces of the root, and 2) tubules consistent with calcification of both the medulla and cortex, which preserved medulla, cortex, and parenchymatic cells along with xylem vessels. Preserved root fabrics are present only in the blackest clasts and are consequently thought to be the main mechanism driving limestone blackening. The dark coloration in southern Australian clasts is derived from the impregnation of partially decayed terrestrial organic substances. These organic substances were trapped in the cellular structures of roots as they calcified and were subsequently prevented from further decay and oxidation. A threshold of approximately 7-weight % organic carbon is needed in the insoluble residue to produce the distinct black coloration in limestone. This process occurs at the base of slightly organic-rich humic soil profiles where they interact with underlying carbonate bedrock (B-C soil horizon). Roots both physically and chemically (through acid secretion) corrode the underlying limestone and provide the calcium bicarbonate needed in the root calcification process. Specific semiarid flora have the ability to calcify their cellular structures, which could explain why blackened clasts occur at only some unconformities. This result means that the formation of blackened clasts via root calcification and entrapment of organics relies upon specific conditions of semiarid plants and climate along with organic soils. Such conditions would be restricted to a specific climate regime and when combined with the new proposed blackening mechanism herein could help explain their limited distribution and occurrences worldwide.
INTRODUCTION
Black limestone clasts are common constituents of calcareous breccias at modern and ancient carbonate subaerial exposure surfaces globally (Ward et al. 1970; Strasser and Davaud 1983; Strasser 1984; Leinfelder 1987; Shinn and Lidz 1988; Lang and Tucci 1997) . The clasts themselves are characteristically angular, and dark gray to black in color, and they occur in specific carbonate settings, namely paleosols and karst depressions. Such clasts have been documented in carbonate successions as old as Ordovician, although they are most common in postCarboniferous strata (Strasser 1984) . Generation of this black coloration in limestone has puzzled carbonate researchers for decades, with interpretations including forest fires (Shinn and Lidz 1988) , decayed terrestrial plant matter staining the surrounding limestone (Leinfelder 1987) , microbial communities (Folk et al. 1973) , deposition in organicrich tidal, lacustrine, and hypersaline lake environments (Ward et al. 1970) , manganese/iron oxides and sulfides (Tucker 1973; Lang and Tucci 1997) , and incorporation of fine particulate organic substances (Strasser 1984) .
Blackened limestone clasts are found in abundance across much of southern Australia at the surface and in the shallow subsurface with geologic ages ranging from middle Miocene to latest Pleistocene. Although the clasts have different depositional settings, they all share common physical and geochemical characteristics. The large lateral and temporal variations along with exceptional preservation in these deposits permit a comprehensive investigation into their origins and an interpretation of the mechanisms causing this unique black coloration.
The purpose of this study is to 1) document occurrences of black limestone clasts in the Neogene strata of southern Australia, 2) unravel the diagenetic fabrics in their microstructure and determine some of their geochemical attributes, and 3) outline the mechanism responsible for the genesis of these blackened limestone clasts that may be applied to the formation of certain post-Devonian black limestone pebbles at subaerial exposure surfaces.
Pleistocene blackened clasts are also located on the surface and in the shallow subsurface at Cape Spencer in southern Yorke Peninsula.
Nullarbor Plain
The Nullarbor Plain, the largest aerial karst system in the world, is a vast , 240,000 km 2 flat carbonate landscape situated along the southern margin of continental Australia ( Fig. 1) . The Plain was subaerially exposed during the middle Miocene (, 14 Ma) as a consequence of the northward movement of Australia and subduction beneath Indonesia at the Timor Trench (Sandiford 2007; Hou et al. 2008; Sandiford et al. 2009 ). Today, the region is under the influence of an arid to semiarid climate with temperature differences of 23-26uC in summer and 10-12uC in winter (Goede et al. 1990; White 1994) . Annual rainfall in the northern plain is below 150 mm and increases to 250 mm near the southern coast, but this pales in comparison to the potential evaporation, which exceeds 2500-3000 mm (Australian Water Resources Council 1976) . These conditions limit vegetation to bluebush, saltbush, droughtresistant shrubs, and small woodlands of Myall acacias in coastal settings (Lowry and Jennings 1974; Goede et al. 1990; White 1994) .
Three Cenozoic marine limestone formations underlie the Plain as part of the much larger Eucla Basin, a broad, shallow depression that extends offshore towards the south (Lowry 1970; Hocking 1990; James and Bone 1991; Feary and James 1998; Hou et al. 2008; O'Connell et al. 2012) . The modern surface of the Nullarbor Plain is composed of the middle Miocene Nullarbor Limestone (maximum thickness 45 m), which has been extensively altered through three phases of fresh-water diagenesis . The Nullarbor Limestone is composed of laterally continuous grainstones to rudstones that are dominated by benthic foraminifera, coralline red algae, corals, gastropods, bivalves, and echinoids (Lowry 1970; O'Connell et al. 2012) .
Rawlinna quarry, located in the west-central region of the Nullarbor Plain (Fig. 1A) , contains three laterally continuous beds of blackened carbonate clasts that are interbedded with Nullarbor Limestone lithologies. The quarry is approximately 137,500 m 2 in area and 20 m deep, offering exceptional outcrop exposure to determine three-dimensional relationships and lateral continuity of the middle Miocene black-clast horizons.
Cape Spencer
Black carbonate clasts are also common in coastal Pleistocene eolianites across much of southern Australia. Cape Spencer, at the southern end of Yorke Peninsula (Fig. 1B) , is composed of stacked calcareous eolianites that have been eroded into formidable sea cliffs , 74 m high. These escarpments expose excellent sections of both the paleodunes and interdune paleosols (Crawford and Ludbrook 1965; Belperio et al. 1995) . The stratigraphy at Cape Spencer comprises a 54-m-thick section of lower Bridgewater Formation bioclastic alienates and intervening terra rossa paleosols overlain by a 20-m-thick section of upper Bridgewater Formation bioclastic eolianites and calcrete paleosols. The upper unit is estimated to have been deposited during the Pleistocene sea-level highstand Marine Isotope Stage 5e (, 125 ka) and contains numerous black pebbles at paleosol intervals. This multi-dune succession passes laterally into interdune corridors.
METHODOLOGY
Twenty-three locations were studied across the Nullarbor Plain and Cape Spencer with samples of blackened limestone clasts occurring in fifteen of these outcrops. Samples were collected from ten of these sites with outcrops in dolines, road cuts, limestone quarries, and sea cliffs. Twenty polished thin sections were prepared from these samples and analyzed through standard transmitted light microscopy. Hand-sample and petrographic colors are classified with respect to the Munsell color chart. Selected samples were then analyzed with a scanning electron microscope (SEM) to determine microstructure relationships. Small fragments of the blackened clasts were mounted on stubs with doublesided conductive tape and sputter coated with gold. They were analyzed at the University of Alberta with a JOEL Field Emission SEM (JOEL 6301FE) with an accelerating voltage of 5 kV used to obtain the highestresolution images. A 20 kV voltage was utilized to determine elemental content with energy-dispersive X-ray (EDX) analyses. Such elemental analyses were obtained from the Princeton Gamm-Tech X-ray analysis system (attached to the SEM). Mineralogy of blackened clasts was determined using X-ray diffraction (XRD) with a Cu anode and zero background plate (Hardy and Tucker 1988) . Oxygen and carbon stable isotope analyses were completed on selected whole-rock samples using techniques outlined by Kyser (1987) . These are presented relative to the Pee Dee Belemnite (PDB) reference standard. Samples of blackened clasts were then dissolved in 20% HCl, with the insoluble residue analyzed through different geochemical techniques. After dissolution the residue was thoroughly rinsed with deionized water, centrifuged, and placed in a vial to dry. These samples were then examined using XRD to determine the noncarbonate mineralogy using the same methods as the whole rock samples. Small quantities (0.1-0.3 mg) of residue were weighed and placed in tin buckets to be used for the determination of weight percent carbon and stable isotope carbon ratios on a Costech Elemental Analyzer (EA) connected to a Delta XL isotope-ratio mass spectrometer at Queen's University. Finally, the insoluble residue was further analyzed with the SEM to better understand the microstructure and mineralogy of the various clays and organics. Samples were selected for analyses to ensure a spectrum in the degree of black coloration and location for geographic representation. The darkest samples yielded the greatest volume of insoluble residue, with corresponding nonblackened clasts having very little to no material present after the dissolution process.
Short-wavelength infrared spectral analyses (SWIR) obtained via a Portable Infrared Mineral Analyzer (PIMA) at Queen's University was used to quantitatively determine the darkness of each sample before it was dissolved and analyzed with the EA. Analyses were performed on clean, fresh, and dry blackened-clast surfaces. Samples needed to have a minimum surface area of 4 cm 2 to insure that the surrounding breccia matrix was not within the investigation radius. Normalized Hull Coefficient peak intensities (area of the curve inflection) for the carbon-oxygen bond at a wavelength of approximately 1320 nm provided a measure for the degree of blackness. Black samples absorb most or all of the incoming wavelength spectra, whereas partially blackened or nonblackened pebbles reflect different C-O bond peak intensities that are dependent upon the degree of black coloration. Nonblackened samples yielded area under the C-O bond curve values of approximately 17 with black pebbles having values less than 3.
DEPOSITIONAL AND DIAGENETIC SETTINGS
Blackened limestone clasts from the Nullarbor Plain and Cape Spencer have a wide range not only in geologic age but also in terms of depositional setting. Whereas the depositional setting of each location varies, the clasts themselves are comparable throughout. The following section outlines the depositional framework of each location and describes the nature and composition of the blackened-clast breccia.
Nullarbor Plain
Rawlinna Quarry, where the oldest clasts occur, is located in the western margin of the Nullarbor Plain and exposes three laterally continuous horizons of black-limestone-clast breccia. These beds are located in the upper 5 m of the quarry wall and occur at approximately the same depth below the surface throughout ( Fig. 2A) . Each 15-30-cmthick black-clast bed overlies a pronounced undulatory surface with depressions 30-50 cm wide and deep (Fig. 2B) . The beds are separated by marine fossiliferous grainstones and rudstones belonging to the middle Miocene Nullarbor Limestone. These marine sediments are also the matrix for the blackened clast breccia. These matrix sediment grains are, however, more abraded and better sorted than those in the intervening Nullarbor Limestone (Fig. 2C) .
The black clasts are angular, fragmented, and poorly sorted, and have different degrees of blackening. Particles range from 1 to 10 cm in diameter and from 1 to 5 cm in thickness and commonly have in situ fracturing. The majority of clasts, independent of coloration, contain numerous small marine fossils that are dominated by benthic foraminifera and coralline algae (Fig. 2C) . Such fossils also compose the prevailing Nullarbor Limestone lithologies and breccia matrix.
Breccia horizons also contain unique laminated micrite pebbles and boulders that are yellowish gray in color with more intense black coloration along their margins (Fig. 2D) . They range from , 3 to 35 cm in diameter and occur clustered together in the lowermost black-clast horizon. Laminations inside these clasts are , 1 mm thick and wavy, and have inter-layered coarser-grained sediments. Most of these clasts have dissolution voids that are filled with fossiliferous matrix sediment.
Black-limestone-clast breccias elsewhere on the Nullarbor Plain are hosted in a singular diagenetic setting: isolated subsoil karst hollows that have been excavated into the underlying Nullarbor Limestone (Fig. 3A) . These latest Pliocene isolated shallow depressions are of constant size, 0.5-2 m deep and 0.5-3 m in diameter, and occur throughout dolines, quarries, and on the surface where calcrete is thin or absent . Such depressions have smooth boundaries, lack any alteration rims with the surrounding limestones, and have wide openings to the surface, forming a broad bowl shape.
These subsoil hollows are filled with a calcareous breccia composed of, in order of abundance, variably blackened limestone clasts, Nullarbor Limestone clasts, micrite, fine-to very fine-grained quartz sand, pisoids (with black nuclei), and pulmonate gastropods (Fig. 3B) . Black clasts dominate these fills, making up approximately 60-75% of the breccia components. Such clasts have a varying degree of blackness, and some display a distinct internal progression of black coloration from dark at the surface to light gray inward (Fig. 3C) . The darkest clasts have a structureless appearance, whereas partially colored clasts have parentrock fabrics wherein even fragmented bioclasts are visible.
The blackened clasts are 0.5 cm-15 cm in diameter, 0.5-5 cm thick, angular, and poorly sorted. Small (, 1 cm diameter) black clasts can locally form the nucleus of soil pisoids that have an evenly laminated micrite cortex (Fig. 3D ). These pisoids are commonly clustered in cavities that crosscut the larger dissolution hollows. Matrix sediment supporting the black-clast breccia in the hollows is dominantly micritic, ranging in color from light gray to moderate reddish brown. Fine-grained quartz with frosted margins is also a common constituent in all matrix sediment.
Cape Spencer
The Bridgewater Formation at Cape Spencer hosts numerous paleosols that are replete with black pebbles, both at dune crests and particularly in interdune corridors (Fig. 4A ). Samples were collected both at the top of the dune sequence that is the modern surface and in the paleosols lying on depressions between dunes. These paleosols occur in both the Lower and Upper Bridgewater Formations.
Black clasts occur throughout subsurface Lower Bridgewater Formation terra rossa paleosols (Fig. 4A ). These clasts are 1-5 cm in diameter and are the dominant component in a matrix-supported calcareous breccia, along with larger lithified clasts of the underlying eolian sediments. The angular clasts have differential black colorations and commonly possess darker margins than the central parts. Black pebbles locally can be coated by thin moderate reddish brown colored cortical micrite laminations (, 1 cm) forming pisoids. They commonly occur in association with uncoated black pebbles and limestone clasts. The matrix sediment is moderate reddish brown in color and fine grained, typical of other semiarid paleosols in southern Australia (Lintern et al. 2004; Lintern et al. 2006; .
The Upper Bridgewater Formation also contains 1-5 cm diameter black limestone clasts at multiple paleosol horizons (Fig. 4A) . The black clasts are associated with calcrete horizons at dune crests and are similar in morphology to the clasts located below in the terra rossa paleosols described above (Fig. 4B ). The hardened calcrete surface at Cape Spencer is also covered with loose blackened clasts and is commonly embedded in the underlying limestone. Such clasts are characteristically more resistant to weathering than the surrounding calcareous eolianites and calcretes (Fig. 4C ). The surfaces of these clasts show extensive dissolution features dominated by micro-runnel fabrics.
The loose surface pebbles share attributes with those of underlying paleosol horizons, whereas the clasts still embedded in the limestone have dissimilarities. Embedded clasts are commonly 5-25 cm in diameter and , 3 cm thick. Such platy morphologies occur in shallow rounded depressions (, 20-120 cm in diameter and 5-10 cm deep) on the surface (Fig. 4D ). The edges of these hollows are differentially more blackened and weather in relief compared to the center of (Fig. 4C, D) . These large plates of blackened limestone fragment contribute to the much more abundant pebble gravel covering the surface.
FIG. 2.-Rawlinna Quarry.
A) Photograph of a vertical quarry wall illustrating the horizontal orientation of planar-bedded blackened-clast horizons. Three horizons consistent in terms of depth and bedding characteristics are found throughout the quarry, with the lowermost horizon the most developed. B) Lowermost blackened-clast bed illustrating the underlying contact with the Nullarbor Limestone (arrow). The contact is undulatory and is defined by a prominent dissolution surface into the Nullarbor Limestone. The bed has a gradual upper contact with the intervening Nullarbor Limestone beds (arrow). C) Bedded horizon sample showing blackened and nonblackened clasts amongst a matrix of fossiliferous grainstones that are composed solely of marine bioclasts. The blackened clasts have some of these bioclasts preserved inside their internal fabric (arrows). D) Lowermost blackened-clast bed that has common laminated micrite clasts and boulders. These components commonly have contorted internal fabrics and domal structures (arrow).
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J S R MICROSTRUCTURE OF BLACKENED LIMESTONE CLASTS
Despite differences in their geographic location and geologic age, black limestone clasts in this study have comparable macroscopic and microscopic features. These include 1) fragments of underlying limestone, very fine-grained quartz, and clotted minimicrite, 2) porous micritic laminae, 3) calcareous coatings, 4) calcareous filaments, 5) microtubules, 6) calcareous spheres, 7) illite clay, 8) comparable stable carbon isotope values, and 9) organic carbon.
General Characteristics
Black limestone clasts are completely composed of dense micrite crystals (1-4 mm) and minimicrite (, 1 mm) (Folk 1974; Flügel 2004; ) that has a distinctive grayish brown color with a clotted, mottled, and commonly laminated microfabric. Small (, 300 mm) quartz grains are locally abundant in these micritic fabrics. The dense micrite of many clasts is locally porous and is crosscut by , 2-mm-wide veins, both of which are variably filled with sparry calcite cement.
Small, corroded (0.5-3 mm diameter) particles of the underlying limestone are frequently incorporated in the black-clast microstructure (Fig. 5A ). These fragments contain benthic foraminifera, coralline red algae, echinoderms, and pelagic foraminifera bioclasts. The amount of original fossiliferous material is directly related to the degree of black coloration in the clast. Intensely blackened clasts have substantially fewer or no incorporated fossil particles, whereas lighter-colored clasts contain numerous biofragments. This incorporation of fossiliferous particles is most evident at Rawlinna Quarry and at the surface of Cape Spencer.
Porous Micritic Laminae
Porous micritic laminae are anastomosing networks of millimeter-to submillimeter-size tubules that have dark micritic walls , 20 mm thick (Fig. 5B ). The tubules, , 100-400 mm diameter and , 1 mm long are delicately contorted and form crudely laminated fabrics that make up the whole microstructure in black clasts. The tubes are filled with sparry calcite cement and usually have alveolar structures and Microcodium aggregates between them (cf. Klappa 1979 Klappa , 1980 Wright 1994; AlonsoZarza 2003; Kosir 2004) . Small (, 2 mm diameter) coated grains and micritic ooids are also locally present between these laminae and are most numerous at Cape Spencer. There are two different types of tubules that occur separately in porous micritic laminae. Partitioned Tubules.-The most common tubiform is a long micritic cylinder with internal partitions that create a series of small calcite-sparfilled chambers (Fig. 5C, D) . Thin micritic walls of the partitions (, 10 mm thick) intersect one another in a regular pattern to form chambers. The size and shape of these chambers are different in the central portion of the tubule as opposed to the outer wall. The central portions of tubules are composed of isodiametric chambers with a honeycomb texture (Fig. 5C, D) . These chambers are , 25 mm in size. The outer micrite wall has similar micritic partitions; however, the chambers are elongate with an , 2:1 length-to-width ratio (Fig. 5D ).
Hollow Tubules.-The other, less numerous tubules, are hollow, linear (, 100 mm in length) cylinders or spheres 100-150 mm wide. Such tubules have , 15 mm thick exterior micritic walls and are either occluded by sparry calcite cement or are porous. There are no internal micritic partitions or chambers.
Calcareous Coatings
Ultrathin (, 100 nm), uniform, and smooth coatings are prevalent in all black-pebble samples. These coatings completely to partially cover the surfaces of micrite and minimicrite crystals, leading to regions of obscured original microcrystalline calcite fabrics and undulating heterogeneous coating draperies (Fig. 6 ). Such coatings are calcareous but can have low levels of Mg and Si (rarely detected in EDX analyses).
The variation in coating thickness creates a mosaic of smooth and uneven surfaces. More laterally continuous areas of thickened coatings are smooth in appearance, although locally the surface becomes undulatory where they are thin. These coatings fill all original microporosity between micrite and minimicrite crystals, whereas zones that lack this coating material have well developed rhombohedral microcrystalline calcite and microporosity. Coatings also form meniscus bridges across pores and between micrite and minimicrite crystals (Fig. 6 ).
Calcareous Filaments
Black clasts also contain dense calcareous filaments that are 0.1-0.2 mm wide and 1-5 mm long. Such filaments have smooth outer surfaces and are typically interwoven with the calcareous coatings described above, implying that they formed concurrently. The filaments are embedded in the microcrystalline calcite and appear to follow an underlying microtopography that creates undulations in the filament along its length (Fig. 7A) . Filaments are generally separate, although they locally entwine with neighboring filaments to create rope-like amalgamations that bridge across small pores (, 3 mm). Calcareous coating material obscures the ends of most filaments, but where visible they have complex bifurcating terminal attachments to the underlying substrate (Fig. 7B) .
Microtubules
Pleistocene to sub-recent blackened clasts at Cape Spencer have a multitude of small, straight, hollow, and uniform microtubules. Such cylinders dominate the micritic microstructure in most of the blackenedclast samples. These microtubules do not form laminae; instead they are randomly distributed and commonly intersect one another through the minimicrite and micrite matrix (Fig. 8A ). Microtubules occur as two different morphologies.
Hollow Microtubules.-The most common form of microtubule is a hollow cylinder 1.50-1.75 mm in diameter and 5-75 mm in length (Fig. 8B ). This diameter is constant, whereas the visible length is dependent upon the orientation of the tube, again indicating that the tubes are unsystematically oriented. The minimicrite and micrite along the margins of these tubes have extensively etched surfaces. Such etchings are usually in the form of pits and prisms. Disordered clusters of elongate minimicrite crystals occur with these etchings (Fig. 8C) . The minimicrite crystals are 75-200 nm wide and 300-575 nm long, have rounded margins, and are commonly obscured by thin zones of smooth calcareous coatings. These smooth coatings continue into the hollow microtubes, where they form thick veneers over the microcrystalline calcite (Fig. 8B) .
Zoned Microtubules.-The second type of microtubule shares all the above characteristics except they have a 2-mm-wide cortex of elongate minimicrite crystals (, 100 nm in diameter and 2 mm in length) that are oriented radially around the hollow tube (Fig. 8C) . The bulbous ends of these crystals are covered with calcareous coatings and create a hummocky surface on the inside of the tube. 
Calcareous Spheres
Calcareous spheres, 750 nm in diameter, are intimately associated with microtubules and calcareous coatings (Fig. 8D) . Such entities have a characteristic smooth outer surface, are of consistent size, and occur in small clusters. This characteristic smooth outer surface of spheres is frequently etched or corroded (Fig. 8D) . The boundaries between individual spheres can be locally diffuse as the spheres amalgamate with one another and/or are covered in calcareous coatings.
Insoluble Residue
XRD analyses of insoluble residue indicate a composition of mostly quartz and illite. SEM analyses of this residue confirm the dominance of 10-30 mm diameter quartz grains in a smooth and fine-grained illite matrix. These well-rounded grains have a smooth and frosted outer surface (Fig. 9) . Rare quartz grains have sharp serrated edges in the form of scalloped surfaces and uneven margins. 
Stable Isotopes

Organic-Carbon Content
Most black pebbles have a significant percentage of carbon in their insoluble residue, although quantitatively these values vary widely ( Table 2) . Values of total weight percent carbon range from 1.0 to 34.9, with most samples containing , 10%. This indicates that carbon from organic matter is found in all samples that show degrees of black coloration, whereas in nonblackened samples there is no organic carbon or insoluble residue. Peak intensities of the carbon oxygen bond obtained through SWIR analyses allow the weight percent carbon values to be quantitatively related to the degree of black coloration in the clasts (Fig. 10) . These data show that there is a direct exponential correlation between the weight percent carbon and the degree of black coloration. they have similar modes of formation. The mechanisms involved are interpreted through these shared morphological traits and are shown to occur only in a specific subsoil environment. Roots derived from overlying plants are thought to be responsible for most of the fabrics occurring in blackened clasts and also to be the source of the organic C that produces the black color.
Rhizogenic Origin of Micritic Laminae
The most common attribute of the blackened clasts is the abundance of porous micritic tubules and laminae. These features are similar in appearance to calcified root structures commonly found in subaerial calcareous paleosols elsewhere and are interpreted as such (Multer and Hoffmeister 1968; Perkins 1977; Klappa 1978; Robbin and Stipp 1979; Beach and Ginsburg 1980; Klappa 1980; Wright et al. 1988; AlonsoZarza et al. 1998; Alonso-Zarza 1999; Kosir 2004) . Dense arrangements of these calcified root structures form crudely laminated root mats within the blackened clasts. Such rhizogenic fabrics are relatively minor constituents in partially blackened pebbles, whereas they form the whole microstructure of completely blackened clasts.
Preservation of root structures is a function not only of favorable physiochemical processes in soils that lead to permineralization but also of precipitation of calcite in the living cells of specific plants roots (Klappa 1979 (Klappa , 1980 Retallack 2001; Kosir 2004; Alonso-Zarza and Wright 2010) . Two dominant styles of calcification produce a variety of microstructures that are present in the partitioned and hollow tubules seen in this study. The products are dependent on whether calcification occurs inside or outside the rhizosphere before the organic components decay (Jaillard et al. 1991; Wright et al. 1995; Alonso-Zarza 1999; Kosir 2004 ). The first, rhizosphere calcification, is an accumulation of CaCO 3 around the periphery of plant roots caused by the activities of microbial communities in the soil that produce micritic tubules with hollow centers (Jaillard and Callot 1987; Jones 1994; Kosir 2004 ). The second, intracellular calcification, occurs within the rhizosphere and preserves FIG. 8.-Microtubules. A) SEM image showing microtubules (arrows) in a mosaic of dense minimicrite and micrite. The microtubules cross each other and have no preferred orientation or alignment; Cape Spencer. B) SEM image at higher magnification of an individual tubule that shows a two-part structure. The inner portion (central) is hollow and has a surface of small, smooth, undulating domes, whereas the outer zone (cortex) is composed of elongated and oriented micrite crystals; Cape Spencer. C) High-magnification SEM image of an end-on view of a microtubule showing the complex arrangement of microstructures along its periphery. The features are dominated by small elongate and smooth minimicrite crystals (arrow), interpreted to be bacterial in origin, and numerous etched surfaces (arrow) on preexisting minimicrite and micrite crystals in the surrounding matrix; Cape Spencer. D) High-magnification SEM image of small calcareous spheres interpreted to be bacterial spores (S) embedded in larger micrite and calcite crystals; most have etched surfaces (arrow) and are covered in varying amounts of EPS; Cape Spencer. the cellular structure of the root (Fig. 11) . The partitioned tubules and associated laminae in this study are formed by isodiametric mosaics of chambers separated by thin micrite partitions that are interpreted to be calcified portions of the medulla (parenchymatic cells or xylem vessels). The outermost zones of the tubules have a much more elongate morphology and are subsequently interpreted to represent the root cortex (cf. Alonso-Zarza et al. 1998; Alonso-Zarza 1999).
Calcification Controls and Soil Conditions.-The location of calcification in roots depends not only upon the type of surface vegetation but also upon local climate, soil hydration states, and chemical composition of pore fluids. Recent calcified roots are found almost exclusively in nutrient-poor calcareous soils under semi-arid climates with seasonal rainfall (Jaillard et al. 1991; Kosir 2004) .
Preserved cellular root structures are particularly evident in plants that grow on calcareous alkaline soils that have high acid-neutralizing capabilities (Jaillard and Callot 1987; Hinsinger 1998; Kosir 2004) . Calcification of roots enhances production of protons via the exchange of Ca 2+ and 2H + ions and causes acidification in the rhizosphere. This process enhances the ability of plants to acquire mineral nutrients while at the same time causing corrosion of the surrounding limestone bedrock (Jaillard and Callot 1987; McConnaughey and Whelan 1997; Hinsinger 1998; McConnaughey 1998; Kosir 2004) . Plants also use Ca 2+ to stabilize their cell walls by the simple accumulation of CaCO 3 in root tissue that protects the root from excessive calcium bicarbonate concentrations in the soil fluids (Clarkson 1984; Marschner 1995; Kosir 2004 ).
Microbial Communities.-Calcareous coatings, filaments, and spheres in the microstructure of blackened pebbles are thought to represent preserved microbes or substances created by microbial processes. Calcareous coating mosaics throughout the studied blackened clast are interpreted to be calcified forms of exopolysaccharides or extracellular polymers (EPS) (Folk and Chafetz 2000; Jones 2010 Jones , 2011 . Calcified filaments and small spheres associated with microtubules are thought to be algal filaments and bacterial spores, respectively. These common microbial features indicate that a Mycorrhizae-type symbiotic relationship between the roots and bacteria and fungi was active during calcification. Fungal hypae and bacteria would have encompassed the external portions of the root fabric and coated them, which is why these microbial fabrics are found preserved along the peripheries of microtubules. EPS and other microbial products are today efficient at binding ions from solution and serving as nucleation sites that lead to conditions favorable for calcite precipitation (Fortin et al. 1997; Leveille et al. 2000) .
Blackening Agent
The substance causing the black coloration in limestone clasts at subaerial unconformities has long puzzled carbonate researchers. Pebbles from the surface and in shallow subsurface hollows across the three locations in this study (Nullarbor Plain, Rawlinna Quarry, and Cape Spencer) are shown to be black because of small quantities of organic carbon derived from the decay of terrestrial vegetation in their microcrystalline structure. Organic-carbon impregnation of the limestone sediment and rock has previously been proposed as a possible agent in the blackening of carbonates (Ward et al. 1970; Strasser and Davaud 1983; Strasser 1984; Shinn and Lidz 1988) .
The amounts of organic carbon within individual blackened clasts change relative to the degree of black coloration. This direct correlation between the amount of carbon in the insoluble residue and color can be graphically expressed to show how much carbon is needed to achieve the blackening process (Fig. 10) . The carbon content increases exponentially as the sample color becomes progressively darker. This graphical representation shows that a threshold of approximately 7.5 weight % carbon needs to be achieved before the limestone fragments become black in color, lose all original fabric and are dominated by calcified root mats. Such a strong correlation between amount of organic carbon and degree of blackness supports the interpretation that organic carbon is the agent responsible for blackening. The isotopic compositions of the insoluble residue give valuable insights into the source of the organic matter. Uniform d
13 C values of 222 to 226% PDB are interpreted to indicate that the organic carbon was derived from, in order of most abundant, partially decayed terrestrial plant debris, exopolysaccarides, fungi, and bacteria (Cerling 1984; Hoefs 2004 ). The d
13 C values likely indicate that most of the carbon is derived from plant material sourced from C3 vegetation, which typically includes higher-order plants in humid to temperate climates, whereas C4 (grasses and drier climate plants) flora would have higher d
13 C values (Cerling 1984; Paulsen et al. 2003; Hoefs 2004) . There is no evidence to suggest that the vegetation was burned before it was incorporated into the limestone, as was proposed for similar black limestone pebbles in Florida and the Bahamas (Strasser 1984; Shinn and Lidz 1988) .
Diagenetic and Depositional Environments
Nullarbor Plain.-The subsoil hollows, because of their uniform nature and distribution across the Nullarbor Plain, have been interpreted to represent dissolution of the Nullarbor Limestone through stem flow drainage . This process allows the canopy to collect rainfall, which increases the volume of water to the base of the tree trunk by 203, subsequently focusing water to the bedrock under the soil (Vanstone 1998; . The locations of subsoil hollows are geographically scattered, likely representing the last stages of forests (with canopies large enough to permit stem flow drainage) on the Nullarbor Plain. This situation would have been characteristic of the temperate to semiarid climate during the late Pliocene, one that immediately followed an interlude of humid climate . Formation of blackened limestone clasts is thought to have taken place in these subsoil hollows because the particles are restricted to these depressions. The extensive fragmented and angular nature of the clasts was likely initiated by later root excavation and extraction of deep roots when the trees toppled over. This interpretation would help explain the angular form and why blackened clasts are solely located in these hollows. The presence of pulmonate gastropods also supports this interpretation since the depression created by the blown-over tree would have provided conditions favorable for standing fresh water and gastropod inhabitation.
Rawlinna Quarry.-The uniform bedding of black limestone pebbles at Rawlinna is unique not only to the Nullarbor Plain but also to other documented examples of black-clast deposits, many of which are found in karst depressions. The underlying surfaces on which these beds were deposited have extensive evidence of short-term subaerial exposure and meteoric alteration. Blackened limestone clasts are commonly interpreted to be subaerial in nature (Ward et al. 1970; Esteban and Klappa 1983; Strasser 1984; Shinn and Lidz 1988; Vera and Jimenez de Cisneros 1993; Flügel 2004) , although at Rawlinna they are found in a matrix of coarsegrained marine sediments that are deficient in fine-grained components. This intermixed nature of marine and terrestrial sediments is interpreted as a short-term subaerial exposure event followed by subsequent marine transgression. Blackened pebbles would have been formed during an exposure event and then partially reworked upon marine transgression that creates a deposit of blackened-clast breccia with marine sediment matrix (along with open marine sediments deposited with them in a high-energy setting). This explains why there is small karst depressions filled with both fragmented angular black clasts and marine bioclasts, in as much as they represent a transgressive lag deposit. Transgressions were limited in duration based on the angular nature of the blackened clasts. In total, three small-scale subaerial exposure events occurred before the whole carbonate platform was uplifted and exposed where it remains today. FIG. 10 .-Graphical representation of weight percent carbon of blackened-clast insoluble residue compared to the degree of black coloration of the clast. The horizontal axis is the SWIR PIMA peak intensity for the carbon-oxygen bond at approximately 1340 nm wavelength. The area contained within the C-O peak represents this peak intensity value. The smaller peak intensities correlate to blacker samples since their black coloration adsorbs most incoming wavelength spectra, whereas lighter samples have larger peak intensities and hence larger values. The data show that organic carbon increases exponentially with degree of blackness. The inflection point for the change from partially blackened to completely is at approximately 7.5%. Cape Spencer.-Black clasts occur in paleosols and calcretes throughout the Bridgewater Formation at Cape Spencer. These paleoexposure horizons developed during lowstands in sea level. Clasts are present as angular granule to pebble-size fragments in the reddish brown, clay-rich, terra rossa soils of the Lower Bridgewater. In most cases they increase in number and abundance upward in each paleosol. Clasts in the Upper Bridgewater occur in calcrete horizons and across the modern surface at and near the eolian dune crests near the top of the Cape. They are also found in abundance with limestone and calcrete clasts in interdune corridors. The terra rossa paleosols are interpreted to have formed in somewhat more humid climatic conditions than the calcretes (James and Choquette 1990; Wright 1994) . It is particularly instructive that the modern exposure surface at the top of the Cape has numerous shallow karst hollows identical to those across the much older surface of the Nullarbor Plain. Blackened-clast plates forming at the base of these hollows were likely generated by root-mat processes described above and later fragmented by the brecciation processes associated with calcrete formation.
DISCUSSION
Comparisons
Blackened limestone clasts are not unique to southern Australia: they have been documented across many temporal and geographic realms (Ward et al. 1970; Strasser and Davaud 1983; Strasser 1984; Shinn and Lidz 1988; Lang and Tucci 1997) . In particular, much of what is known today about these clasts is based upon occurrences in southern Florida and parts of the Caribbean (Folk et al. 1973; Perkins 1977; Beach and Ginsburg 1980; Strasser and Davaud 1983; Strasser 1984; Shinn and Lidz 1988) . The blackened clasts described herein share many characteristics with those described from Florida Bay and the Bahamas.
The blackened clasts reported from Florida Bay and The Bahamas are most similar to those hosted in subsoil hollows across southern Australia. All clasts are hosted in shallow surface karst depressions and have common morphologic traits that include: angular and platy morphologies, in situ fracturing, variable black coloration, blackened bioclasts, dense and clotted micrite microstructure, and an interpreted terrestrial origin. Despite the numerous similarities there are novel facets about blackened clasts located in the Nullarbor Plain and Cape Spencer. These characteristics are mainly in the microstructure, but this may be biased because this level of detailed analyses has not been completed to date on Florida Bay or Bahamian samples. The clasts located in Rawlinna quarry are also inimitable both from the aspect of depositional setting and morphological characteristics, as outlined in the preceding sections.
Blackening Process
The correlation of increasing carbon material with intensity of black coloration is a clear indication that the incorporation of organic material into calcite is the main cause of limestone blackening. Impregnation of organic material inside a calcite crystal lattice is difficult (Krumbein and Garrels 1952; Flügel 2004; Jones 2010; Hips et al. 2011) . Organic compounds can, however, be adsorbed onto calcite crystal surfaces to form monomolecular layers with adsorbed organic carbon increasing with finer crystal size (Suess 1970) . This adsorption typically occurs under slightly alkaline and anoxic conditions and involves finely particulate, colloidal, or dissolved organic matter (Krumbein and Garrels 1952; Suess 1970; Strasser 1984) . Ward et al. (1970) , Strasser and Davaud (1983), and Strasser (1984) postulate that these mechanisms and conditions are the main cause of blackening in Holocene samples (Swiss and French Jura, Florida Keys, Bahamas, and Tunisia) . Such an adsorption process would have to take place under specific chemical conditions since organic coatings otherwise inhibit calcite crystal growth, as they cover suitable nucleation sites for subsequent calcite crystallization. Furthermore, organic-rich settings commonly have active microbial communities that metabolize organic components producing CO 2 and locally creating highly acidic conditions that would promote calcite dissolution, rather than precipitation (Krumbein and Garrels 1952; Jones 1994; Strö m et al. 1994; Hinsinger 1998; Kosir 2004) .
The morphologic traits and geochemical signatures in this study indicate that adsorption of organic compounds onto the calcite crystals is not the main process of blackening. Calcified root cells and associated microbial features are prevalent in the microstructure of all blackened limestone clasts and are thought to have subsequently initiated the blackening process. Incorporation of partially decayed organic matter occurred during the processes of root-tissue calcification as organics were trapped in the cellular structures and voids between roots. This process allows substantial organic carbon to become incorporated with the precipitated calcite, leading to black coloration. This interpretation would explain why rootmat fabrics dominate the blackest samples whereas the uncolored or partially blackened clasts lack both high amounts of organic carbon and numerous root textures. Trapping of organic matter in cellular structures of roots is a viable method of incorporating an adequate volume of organic carbon to produce the black coloration, whereas only adsorption of organics on crystal faces would not provide enough organic material to cause the degree of black coloration documented. This latter process likely caused only partial blackening and explains why there is a lack of root fabrics in partially blackened clasts.
Calcified roots are almost invariably located in laminated calcareous soils in semiarid climates that have a pronounced seasonal moisture regime (Jaillard et al. 1991; Alonso-Zarza et al. 1998; Alonso-Zarza 1999; Kosir 2004 ). These types of soils do not contain large quantities of organics and hence the calcified roots in them do not produce blackened clasts. The soils where blackened clasts are formed must have been stratified with a zone of high calcium bicarbonate concentration. The abundance of calcified root cells, as opposed to extracellular calcite precipitates, suggests that the soil was moist for extended periods of formation of blackened limestone (Wright et al. 1988; Wright 1994; Kosir 2004) . These conditions would have been characteristic of a thin humic soil overlying a flat-lying and regionally extensive carbonate substrate. The mostly organic-rich soil profile would not have created conditions where plant roots had the necessity to calcify their rhizosphere for nutrient extraction or protect themselves from CaCO 3 -rich pore fluids. The calcification of root mats and eventual formation of blackened clasts were instead hosted at the base of a stratified humic soil profile where plant roots had direct contact with the underlying limestone bedrock. This B-C soil horizon was the only location of high calcium bicarbonate concentrations in the soil profile and the location of blackened-clast formation (Fig. 12A) .
Roots derived from higher-order plants on the surface penetrate through organic-rich soils and often encounter lithified limestone substrates where they cluster to form dense root mats. Such a high density of roots along a carbonate substrate creates conditions where acid (amino and acetic) secretion by the root into the rhizosphere causes a slow kinetic process dissolving the underlying carbonate substrate (Fig. 12B ) (Ström et al. 1994) . Roots within this B-C horizon would have not only chemically dissolved the substrate but also physically eroded the underlying limestones (Fig. 12C) . This process explains why most blackened clasts contain small and corroded fragments of the underlying limestone (Fig. 5A) . Chemical dissolution would have created a local abundance of calcium bicarbonate ions in the pore fluids sourced from the underlying carbonate lithologies. This situation would have created a localized alkaline and possibly anoxic microenvironment at the B-C soil horizon. Such alkaline conditions are interpreted to have caused dissolution of silica that is evident in the etching on the surface of quartz grains; however, some frosting could be derived from eolian transport. This SiO 2 would have been incorporated into the blackened-clast microstructure and when combined with the presence of clays and organic coatings of calcite crystals may explain why the clasts are so resistant to weathering. Water in the pore system of the soil did not flow along this horizon, causing the fluids to become supersaturated with respect to CaCO 3 .
Environments at the B-C soil horizon where root mats developed would provide conditions favorable for rhizogenic calcification in the roots of certain plants. The thickness of such a zone would have been , 5 cm because most blackened clasts have a thin platy morphology. The thin roots in this zone would have calcified from calcium-bicarbonatesaturated fluids that were derived from the underlying carbonate lithologies. This root calcification would have created new lithified limestone layers at the base of soils that were ultimately formed at the expense of underlying carbonates. Particulates of partially decayed organic carbon were trapped both in the cellular structures of roots and between roots throughout the calcification process and became incorporated into their calcified remains. This allowed substantial organic material to be incorporated into the microporosity of the roots cellular structure and directly caused the blackening of the newly formed limestone fragments (Fig. 12D) . The organic matter was entombed in the calcified cell and spared from further degradation and oxidization that destroyed all other organics in the soil.
The fragmented and angular form of all blackened clasts suggest that they underwent a period of mechanical brecciation, which may or may not be related to their formation. Breccias hosted in subsoil hollows across southern Australia are thought to have common modes of formation based on their occurrences in a singular depositional setting. This brecciation is interpreted as a result of root penetrations, expansion and contraction soil processes and desiccation, and finally the extraction of roots associated with the toppling of trees. The mode of brecciation is likely quite different in Rawlinna Quarry based on the interpreted depositional environment being a marine scour surface. In this setting the breccia is thought to have formed during marine transgression where high-energy waves fragmented the lithified limestones and redeposited them in planar breccia beds.
CONCLUSIONS
Researchers have long debated the formation of blackened limestone clasts at subaerial exposure surfaces. New evidence from samples located on the southern margin of Australia give an additional interpretation as to how these clasts form. They occur regionally at subaerial exposure surfaces and most commonly in shallow subsoil hollows sculpted into the underlying limestone bedrock. The black coloration of these pebbles is due to the incorporation of varying amounts of organic carbon, derived ultimately from decayed C3 terrestrial vegetation. The amount of organic matter incorporated into the limestone clasts is shown to determine what degree of black coloration the clast will have. Based on the observations herein, organic matter must be approximately 7.5% of the insoluble residue to cause complete blackening in limestone.
Formation of blackened limestone clasts is interpreted to have begun at the B-C soil horizon where high densities of roots were in contact with underlying limestone bedrock or sediment. Acid secretion from the roots created a corrosive microenvironment and caused dissolution of the underlying limestone. This newly liberated calcium bicarbonate in the   FIG. 12. -Illustration showing the mechanism invoked for the blackening of limestone at the base of soil profiles through different spatial scales. A) Roots from overlying vegetation penetrate though the soil and encounter an underlying limestone substrate. The roots cluster at this impervious boundary and create dense mats composed of plant roots and root hairs. B) The root mats both physically erode and fragment the underlying substrate and excrete amino and acetic acids that dissolve the limestone. This process both introduces calcium bicarbonate ions into the pore fluids and mechanically excavates small corroded fragments of the underlying limestone. C) The newly introduced calcium bicarbonate ions are used by roots to calcify their cellular structures in order to protect them from this alkaline microenvironment. During the processes of cell calcification, partially degraded organics are trapped in the cellular structures and incorporated into the newly lithified root mats. D) Root-cell calcification and incorporation of organics occurs along this narrow alkaline environment, interpreted to be , 5 cm wide. This process creates lithified plates of blackened limestone along the soil and limestone substrate boundary. These plates are fragmented by further root activity, trees toppling over, marine transgression, or other physical soil processes pore fluids caused the roots in this narrow zone to calcify in order to protect themselves from these CaCO 3 saturated fluids. Calcification of root cells and tissues caused soil-derived organic matter to become trapped in the cellular structures of the roots as they were undergoing calcification. Such a mechanism for causing black coloration in limestones at subaerial exposure surfaces could be used to explain the environment of formation, help identify exposure events, and, perhaps most importantly, define narrow climatic conditions for their formation that can be further used for paleoclimate reconstruction.
